Despite the well-documented relation between estradiol (E2) and behavior, exposure to stressors may modify sensitivity to E2. The effects of E2 on behavior are, in part, likely related to their modulation of the serotonin (5HT) and oxytocin systems. The short allele (s-variant) polymorphism found in the promoter region of the SLC6A4 gene that encodes the 5HT transporter (5HTT) modulates responsivity to stressors. The current study used ovariectomized adult female rhesus monkeys to evaluate how exposure to the psychosocial stressor of social subordination and polymorphisms in the gene encoding 5HTT influence the behavioral effects of E2 and immunoreactive serum oxytocin. Dominant females had higher levels of oxytocin than subordinate animals even though E2 increased immunoreactive serum oxytocin in all females. E2 increased affiliative behaviors in all animals, with even more of these prosocial behaviors directed at dominant females. S-variant females, regardless of social status, were more aggressive towards more subordinate cage mates and these behaviors too were increased by E2. Subordinate s-variant females are most often involved in agonistic behavior, less affiliative behavior, and were less responsive to the anxiolytic action of E2. The results show that the short allele of the 5HTT gene synergizes with psychosocial stress exposure to affect the behavioral efficacy of E2 while confirming the actions of E2 for producing generalized behavioral arousal in females. Whether differences in the central action of 5HT and/or oxytocin are responsible for this effect requires further study.
Introduction
Estradiol (E2) is a pleiotropic hormone that targets multiple neurochemical systems regulating a range of behaviors (McEwen, 2002; Pfaff et al., 2000) that likely enhances a female's ability to attend to contextual demands of their environment (Morgan et al., 2004) . Exposure to increased concentrations of E2 is generally accepted to be critical for the expression of female sexually motivated behavior in a number of animal models (Blaustein et al., 1987; Pope et al., 1987; Rissman et al., 1997; Wallen and Tannenbaum, 1997) as well as in women (Dennerstein et al., 1980) . Despite this relation between E2 and behavior, exposure to stressors or stress hormones appears to disrupt the behavioral effects of E2. Restraint (Uphouse et al., 2005) or psychosocial stress (Pierce et al., 2008) , as well as overexpression of corticotropin releasing-hormone (CRH) in the central nucleus of the amygdala (Keen-Rhinehart et al., 2009) , reduces sexual behaviors in ovariectomized, hormone-primed rodent females, an effect that is overcome by higher doses of hormones (White and Uphouse, 2004) . Imposition of subordination accomplished through harassment and noncontact aggression in macaque species is considered a potent psychosocial stressor (Sapolsky, 2005) , as subordinate animals are hypercortisolemic due to diminished glucocorticoid negative feedback (Kaplan et al., 1984a; Shively, 1998; Wilson et al., 2008) . In this context, proceptive behavior occurs more frequently in dominant compared to subordinate females (Shively et al., 1990) and at lower concentrations of circulating E2 (Wallen, 1990) . While the consequences of psychosocial stress on E2-dependent changes in sexual behavior appear robust, it is unclear whether stressed-induced changes in signals from the limbic-hypothalamic-pituitary-adrenal (LHPA) axis affects the efficacy of E2 on other aspects of socio-emotional behaviors, including affiliation, aggression and anxiety-like behavior.
The effects of E2 on social behaviors are, in part, likely related to their modulation of the serotonin (5HT) neural system by increasing 5HT synthesis and modulating 5HT reuptake transporter (Bethea et al., 2002) . The observations that stress or CRH administration reduces 5HT in the median raphe (Summers et al., 2003; Umriukhin et al., 2002) and decreases 5HT release to limbic structures (Price and Lucki, 2001; Thomas et al., 2003) provides a possible neuroanatomical support for the hypothesis that stress impairs E2 facilitation on behavior. Furthermore, reduced transcriptional activity of the SLC6A4 gene encoding the 5HT transporter (5HTT) due to naturally occurring polymorphisms in the length of the promoter region may also disrupt E2 action as the short promoter length (s-variant) of the SLC6A4 gene is associated with a range of behavioral phenotypes, including increased anxiety, aggression, and impulsivity in humans (see (Murphy et al., 2008) ). These length variations with reduced transcriptional activity are also present in rhesus monkeys and the response to an acute psychosocial stressor appears greater in animals with a s-variant promoter length allele (l/s or s/s) compared to those with long promoter length alleles (l/l genotype) Lesch et al., 1997) . It is not clear whether females with the s-variant of the 5HTT gene are less responsive to the behavioral effects of E2 and whether this is worsened by social subordination.
In addition to 5HT, another potential target of E2 in the brain for the prosocial and anxiolytic effects of E2 is oxytocin (Insel et al., 1998; Windle et al., 1997) . In rodent models, E2 upregulates the expression of oxytocin (Lim and Young, 2006) and the oxytocin receptor (Choleris et al., 2003; Patisaul et al., 2003) and increases oxytocin binding density in limbic regions (McCarthy et al., 1996) . While oxytocin may be important for attenuating hormonal markers of stress (Neumann et al., 2000; Nomura et al., 2003) , chronic stressor exposure or corticosterone administration upregulates hypothalamic oxytocin levels (Laguna-Abreu et al., 2005; Paredes et al., 2006) and oxytocin receptor binding (Liberzon and Young, 1997) in rodents. These data would imply that the oxytocin system might be unregulated in socially subordinate females; however, it is not known how E2 would affect oxytocin activity in females exposed to different amounts of psychosocial stress.
The present study used ovariectomized adult female rhesus monkeys (Macaca mulatta) to determine how social subordination influences the behavioral effects of E2 and whether these effects were modified by 5HTT genotype. The study was designed to test the hypothesis that the prosocial behavioral effects of E2 would be diminished in subordinate females, particularly those with the s-variant allele in the gene encoding the 5HTT, and these differences may be associated with differences in oxytocin. Because evidence suggests that s-variant animals show more impulsive and aggressive behavior, we predicted that E2 would increase aggression significantly more in females with the s-variant 5HTT genotype. Finally, in order to test the hypothesis that differences in stress hormone action accounted for these status differences in the behavioral effects of E2, we predicted that administration of a CRH receptor antagonist would increase the prosocial effects of E2 in subordinate females.
Material and Methods

Subjects
Subjects were 37 adult female rhesus monkeys (Macaca mulatta) housed in indoor-outdoor runs at the Yerkes National Primate Research Center. Animals were fed a standard, low fat, high fiber diet (Ralston Purina Company, St. Louis MO) ad libitum and were supplemented daily with seasonal fresh fruit and vegetables. The Emory University Animal Care and Use Committee in accordance with the Animal Welfare Act and the U.S. Department of Health and Human Services "Guide for Care and Use of Laboratory Animals" approved all procedures. All females had been previously ovariectomized and were genotyped for polymorphisms in the gene that encodes the 5HTT as either having both long promoter length alleles (l/l) or a short promoter length allele (l/s or s/s; (Jarrell et al., 2008) ). Because the heterozygous short variant (l/s) produces a phenotype similar to that of the s/s genotype , females with an l/s or s/s genotype were combined (s-variant).
Macaque social groups, regardless of size, are organized by a linear dominance hierarchy that functions to maintain group stability (Bernstein, 1970) . Lower-ranking animals receive proportionately more aggression from higher-ranking group mates, and these subordinate animals terminate these interactions by emitting submissive behavior. Thus, control over an individual's social and physical environment increases with higher dominance status (Sapolsky, 2005) . Given the recurrent exposure to harassment from more dominant females, subordinate females have larger adrenal glands (Kaplan et al., 1984b) and show a greater cortisol response to social challenges (Cohen, 1999) . In addition, pharmacological tests using a dexamethasone suppression test (Jarrell et al., 2008; Shively, 1998; Wilson et al., 2008) or ACTH challenge (Shively, 1998) show subordinate females are hypercortisolemic. The use of social subordination in macaques is a well established model to study the adverse effects of psychosocial stress on a number of health outcomes, including cardiovascular disease (Kaplan et al., 1996) , addictive behavior (Morgan et al., 2002) , reproductive compromise (Adams et al., 1985; Michopoulos et al., 2009a) , immune changes (Gust et al., 1991; Paiardini et al., 2009) , and appetite regulation .
For the present study, females were removed from their natal groups and formed into in eight small social groups of 4 to 5 monkeys each, as previously described (Jarrell et al., 2008) . Briefly, all females were taken from the middle portions of the social hierarchy in their natal groups. The new groups were formed by sequentially adding unfamiliar females. These groups were established two years prior to the initiation of this study such that four groups contained females having an l/l genotype and four contained females having an svariant genotype. Social status rankings, based on the outcome of dyadic agonistic interactions, in these small groups were stable and consistent. In accordance with previously established conventions (Shively et al., 1990) , females ranked 1 and 2 were classified as dominant, while those of ranks 3, 4, and 5 were considered subordinate. Of the total 37 subjects, the genotype and status distributions were: 8 s-variant dominant, 12 s-variant subordinate, 8 l/l dominant, and 9 l/l subordinate.
Experimental design
All animals were studied in each of four treatment conditions, as previously described (Michopoulos et al., 2009a) . The conditions each lasted one week each and were separated by a two-week, no treatment washout period. The order of treatments was counterbalanced across groups, with all females in a specific social group receiving the same treatment. Specifically, the four treatments consisted of control (placebo), E2 replacement (E2), CRH receptor analogue (CRHA), and E2 plus CRHA. A 0.25 ml sc injection of saline was administered at 0830 hours for five consecutive days as the control condition. E2 replacement was accomplished by implanting E2 filled Silastic capsules sc as previously described (Mook et al., 2005) . Analysis of selected samples (days 4 and 7) during E2 replacement versus no E2 replacement conditions indicated that hormone replacement achieved mid-follicular phase concentrations (66.7 ± 2.1 vs. < 5.0 pg/ml). Capsules were implanted three days prior to the initiation of data collection and removed immediately following the end of the phase.
The CRHA utilized for the study was a CRH type 1 receptor antagonist CP154,526 (Pfizer, Groton CT), an analogue of the more widely used antalarmin (Seymour et al., 2003) . CP154,526 was used as it crosses the blood brain barrier to bind to both peripheral and central CRH type 1 receptors (Seymour et al., 2003) . Based on the existing literature in monkeys using antalarmin (Ayala et al., 2004; Broadbear et al., 2004; French et al., 2007; Habib et al., 2000) , we chose to administer a dose of 10 mg/kg sc daily for five consecutive days at 0830 hours with the expectation that it would attenuate cortisol secretion. However, as described in Results and reported previously (Broadbear et al., 2004) , this dose paradoxically stimulated cortisol secretion, allowing us to evaluate the impact of an increase in cortisol on behavior in female monkeys.
Outcome measures
The objective of this study was to assess how social subordination and 5HTT genotype may modify the effects of E2 on socio-emotional behavior. Data describing the effects of these manipulations on luteinizing hormone (LH) secretion are described elsewhere (Michopoulos et al., 2009a) . Serum samples were collected at 0900 hours on days 4 and 7 to confirm E2 concentrations. Samples were collect on days 4 -7 for morning cortisol analyses. While it is thought that peripheral levels of oxytocin do not reflect central oxytocin (Neumann, 2007) , recent neuroanatomical evidence indicates magnocellular oxytocin neurons from the paraventricular nucleus of the hypothalamus (PVN) project to both the posterior pituitary and forebrain structures, suggesting serum oxytocin could be surrogate markers of centrally active oxytocin (Ross and Young, 2009 ). Consequently, we measured immunoreactive serum oxytocin on days 5 and 6 of each treatment condition to assess cumulative changes in peptide concentrations. All subjects had been previously habituated to removal from their groups for conscious venipuncture, with a particular group typically being sampled 10 minutes following entrance into the housing area thereby minimizing the arousal associated the sampling procedure (Blank et al., 1983; Walker et al., 1982) .
Behavioral data were collected using an established ethogram (Jarrell et al., 2008) . A 30minute observation of each group was done five hours following saline or CRHA injection on each day of injection. Affiliative behavior was comprised of proximity and grooming; aggression was defined by threats, slaps, grabs, and bites; and submissive behavior was characterized by withdrawals, grimaces, and screams. Anxiety-like behavior consisted of body shakes, yawns, self-scratching, and self-grooming (Troisi, 2002) . Data was recorded using a Palm PDA and the "Hand Obs" program developed by the Center for Behavioral Neuroscience (Graves and Wallen, 2006) . Inter-observer reliability was greater than 92%.
Hormone assays
All assays were done in the Biomarkers Core Lab at the YNPRC. Selected samples were assayed for E2 to verify Silastic capsule efficacy using a modification of a previously validated commercial assay (Siemens/DPC; Los Angeles CA) (Pazol et al., 2004) . Using 200 µl of serum, the assay has a sensitivity of 5 pg/ml and an intra-and inter-assay coefficient of variation (CV) of 5.2% and 11.1%, respectively. Serum levels of cortisol were determined by radioimmunoassay (RIA) with a commercially available kit (Beckman-Coulter/DSL, Webster TX). Using 25 µl, the assay has a range from 0.5 to 60 µg/dl with an inter-and intra-assay CV of 4.9% and 8.7%, respectively. Immunoreactive serum oxytocin was measured by EIA using a kit distributed by Enzo Life Sciences from Assay Designs (Ann Arbor MI). This assay measures immunoreactive oxytocin across a number of species in peripheral samples or cerebrospinal fluid. For rhesus monkeys, 50 µl of serum is diluted in 150 µl of assay buffer. With this protocol, the assay has a sensitivity of 15.6 pg/ml with an inter-and intra-assay CV of 7.5% and 10.2%, respectively. As described in the kit protocol, direct measurement of diluted rhesus monkey serum provides greater estimates of oxytocin than those samples preprocessed prior to assay (157%), the correlation of unextracted vs. extracted rhesus monkey serum is nonetheless strong (r = 0.89, n = 11, range of 56 -252 pg/ml, extracted). Spiking rhesus monkey samples (n = 4) with 300 pg/ml of human oxytocin showed that resulting concentrations were, on average, 30% higher than expected. Given this degree of precision, we refer to the analysis of samples for oxytocin as immunoreactive serum oxytocin.
Statistical analysis
Data were summarized as mean ± standard error of the mean (SEM). In order to examine the categorical (status and genotype) and treatment (E2, CRHA), and day on treatment main effects and their interactions, data were analyzed with repeated measures analysis of variance in a 2 by 2 design to assess E2 (E2 and E2+CRHA) vs. non-E2 treatments (C and CRHA) and CRHA (CRHA and E2+CRHA) vs. non-CRHA treatments (C and E2). All statistical tests with p ≤ 0.05 were considered significant and post-hoc corrections were made for multiple comparisons when necessary. Figure 1 illustrates the mean frequency of aggression received and submissive behavior emitted across females at each rank collapsed across all treatment conditions and time. Data describing treatment effects on these behaviors is presented below. Females ranked 3 -5 received significantly more aggression from higher-ranking group mates (F 4, 27 = 11.4, p < 0.001). This harassment was associated with rank-dependent, higher rates of submissive behavior (F 4, 27 = 6.56, p < 0.001).
Results
Social status categorizations
Serum Cortisol
As reported previously (Michopoulos et al., 2009a) and illustrated in Table 1 , E2 decreased (F 1, 33 = 14.90, p < 0.001) and the CRHA increased (F 1,33 = 12.55, p < 0.01) morning cortisol values in all subjects. Serum cortisol was consistently lower throughout the week of E2 treatment compared to placebo (F 3, 99 = 0.24, p = 0.87) but did increase progressively throughout the week during the CRHA treatment (data not shown; F 3, 99 = 6.55, p < 0.01).
Overall mean levels of cortisol were higher during CRHA even when combined with E2. Neither social status (F 1, 33 = 2.08, p = 0.16), 5HTT genotype (F 1, 33 = 0.01, p = 0.96) nor the interaction of status and genotype (F 1,33 < 0.01, p = 0.99) significantly influenced the effect of E2 on cortisol concentrations. Similarly, the CRHA-induced elevation in cortisol was unaffected by status (F 3,99 =0.96, p=0.41), genotype (F 3,99 = 2.22, p = 0.90), or their interaction (F 3,99 =1.23, p = 0.30).
Immunoreactive Serum Oxytocin
As illustrated in Figure 2 , dominant females had significantly higher immunoreactive serum levels of oxytocin compared with subordinate animals regardless of treatment condition (F 1,33 = 5.87, p = 0.02) and this was unaffected by 5HTT genotype (Figure 2 ; F 1,33 0.67, p = 0.42). In addition, E2 significantly (F 1, 33 = 4.15, p = 0.05) increased overall immunoreactive serum oxytocin in all females (182 ± 14 vs. 209 ± 14) such that there was no status by E2 interaction on serum concentrations of immunoreactive oxytocin (F 1,33 1.76, p = 0.19; data not shown). The administration of CRHA or its interaction with status or E2 treatment did not significantly affect immunoreactive serum oxytocin (p > 0.05; data not shown). Figure 3 shows E2 significantly attenuated anxiety-like behavior compared to placebo (6.07 ± 0.61 vs. 4.45 ± 0.49 per 30 min; F 1, 33 = 12.03, p < 0.01). However, this anxiolytic effect of E2 was significantly modified by status and genotype (F 1, 33 = 5.22, p = 0.03). Dominant females with an l/l 5HTT genotype had the lowest rates of anxiety-like behavior compared with other females (p < 0.05) and the decrease due to E2 replacement (13%) was not significant (p > 0.05). The higher rates of anxiety-like behavior were attenuated by E2 in dominant s-variant (25%) and subordinate l/l females (39%; p < 0.05) but not in subordinate s-variant females (9%; p > 0.05). Finally, anxiety-like behaviors were not affected by treatment with the CRHA (F 1, 33 = 1.10, p = 0.30) or its interaction with E2, status, or genotype (p > 0.05).
Anxiety-like behavior
Affiliative behavior
Overall, there were no main effects of status, 5HTT genotype, or a status by genotype interaction on affiliation directed toward others (p > 0.05). However, as shown in Figure 4A , treatment with E2 significantly increased affiliative behavior directed towards others compared to non-E2 treatment conditions (3.63 ± 0.36 vs. 2.76 ± 0.23 per 30 min; F 1, 33 = 4.91, p = 0.03). While the effect of E2 on increasing affiliation initiated by dominant, l/l females appeared to be less compared to other groups, there was no status by genotype by E2 treatment interaction on the amount of affiliative behavior initiated by females (F 1, 33 = 0.35, p = 0.56). Finally, affiliative behavior directed toward others was not significantly affected by CRHA treatment or its interaction with E2, status, or genotype (p > 0.05).
Corresponding to significantly higher rates of affiliation initiated by females during E2 treatments ( Figure 4A ), rates of affiliation received were also increased by E2 (2.80 ± 0.22 vs. 3.69 ± 0.30; Figure 4B ; F 1, 33 = 7.24, p = 0.01). Dominant females were most often the targets of this behavior compared with subordinates regardless of treatment condition (3.80 ± 0.30 vs. 2.69 ± 0.28 per 30 min; Figure 4B ; F 1, 33 = 7.07, p = 0.01). While it appeared the E2-induced increase in affiliation received was less in subordinates compared to dominant females, there was no status by E2 interaction (F 1, 33 = 2.23, p = 0.15). However, the effect of E2 varied significantly by status in the context of CRHA treatments ( Figure 4B ; F 1, 33 = 6.52, p = 0.02). In the absence E2, CRHA decreased affiliation received by dominant females whereas rates were unchanged in subordinates. In contrast, treatment with CRHA reduced the rate of received affiliation during E2 treatment in subordinate females whereas it increased rates during E2 for dominant females. Finally, 5HTT genotype did not modify the effects of status or E2 treatment whether females were targets of affiliation (P > 0.05).
Aggressive Behavior
As expected, dominant females initiated significantly more aggression than subordinate monkeys (3.44 ± 0.65 vs. 1.56 ± 1.56; Figure 5A ; F 1, 33 = 4.78, p = 0.04). However, svariant females showed significantly higher rates of aggressive compared with l/l subjects (3.76 ± 0.59 vs. 1.21 ± 0.62; F 1, 33 = 8.94, p < 0.01). There was no status by genotype interaction (F 1, 33 = 1.25, p = 0.27). Importantly, as shown in Figure 5A rates of aggression directed toward others were significantly increased during treatment with E2 in all females (3.43 ± 0.65 vs. 1.57 ± 0.36; F 1, 33 = 9.35, p < 0.01). In contrast, CRHA attenuated aggression (1.96 ± 0.31 vs. 3.04 ± 0.63; F 1, 33 = 5.00, p = 0.03) regardless of E2, status or genotype (p > 0.05).
Not surprisingly, subordinate females were most often the target of aggression ( Figure 5B ; F 1, 33 = 7.67, p < 0.01). Again, this status effect was modified by genotype (F 1, 33 = 4.63, p = 0.04), as subordinate s-variant females received more aggression than subordinate l/l females (5.01 ± 1.14 vs. 2.10 ± 0.41). Corresponding to the higher rates of aggression initiated during E2 replacements, rates of aggression received were also higher during E2 (F 1, 33 = 5.00, p = 0.03). The apparent decrease in aggression received by subordinates during CRHA treatment was not statistically significant (F 1, 33 = 1.85, p = 0.18).
Discussion
Our current findings showed that mid-follicular phase levels of E2 increased behavioral activity, reflected in agonistic and affiliative behaviors, but provided support for the notion that exposure to stressors and upregulation of the stress axis attenuates the behavioral effects of E2 (Keen-Rhinehart et al., 2009; Pierce et al., 2008; Uphouse et al., 2005) particularly in individuals that may be genetically more reactive to stressor exposure (Murphy et al., 2008) . While immunoreactive serum levels of oxytocin were lower in subordinate compared to dominant animals, regardless of 5HTT genotype, E2 increased oxytocin levels in all females. However, s-variant subordinate females showed highest rates of agonistic behavior and lowest rates of affiliation that occurred coincident with a reduced sensitivity to the anxiolytic actions of E2, suggesting that this 5HTT polymorphism synergizes with psychosocial stress exposure to affect the behavioral effects of E2. These findings are important for understanding the factors that modulate the behavioral response to E2 and for identifying mechanisms responsible for female emotional sociality and emotional wellbeing.
The present study extends previous observations of increased depressive- (Shively et al., 2006; Shively et al., 1997) and anxiety-like behaviors related to social status in female macaques. While the lowest rates of anxiety-like behaviors were observed in dominant females with the l/l 5HTT genotype, dominant s-variant females had rates of anxiety indistinguishable from l/l subordinates. S-variant subordinates expressed anxiety behaviors at a higher rate than dominant l/l females but less than other groups. The higher rates of anxiety-like behaviors in subordinates may be an adaptive response to their unpredictable social environment (Huhman, 2006) , specifically potential threats of aggression (Troisi, 2002) . Coupled with the higher rates of harassment, subordinates were less often recipients of affiliation and this too could contribute to the higher anxiety behaviors. However, this explanation does not hold for the dominant s-variant females, as their access to resources is unimpeded. Rather, their increased rates of anxiety may be a consequence of their propensity to aggress more frequently with cage mates, as reduced expression of 5HTT characteristic of the short allele of the 5HTT gene is associated with increased anxiety and impulsive behavior (Murphy et al., 2008) .
The well-established anxiolytic effects of E2 (Bernardi et al., 1989; Galea et al., 2001; Okada et al., 1997; Rocha et al., 2005; Walf et al., 2004) were significantly affected by social status and genotype. Rates of anxiety were decreased by E2 only in dominant svariant and subordinate l/l females. It is possible that these behaviors could not be reduced further by E2 in the dominant l/l females, as their baseline level of anxiety-like behaviors were lowest compared to other groups. In contrast, the higher rates anxiety-like behaviors in s-variant subordinate females were unaffected by E2. This could be explained by a disruption of E2 efficacy in these animals, as limbic estrogen receptor levels are decreased in individuals with stress-induced affective disorders (Perlman et al., 2005; Perlman et al., 2004) . However, this seems unlikely, as the s-variant subordinate females showed an increase in affiliative behavior during E2 replacement. It is possible that the neurochemical targets, notably 5HT, that mediate these anxiolytic effects of E2 are altered in some fashion in females exposed to the stress of subordination (Summers et al., 2003) and exacerbated by the s-variant polymorphism. Differences in response to the anxiolytic effects of E2 cannot be attributed to differences in oxytocin, as there was no genotype difference in immunoreactive serum oxytocin in subordinate females. E2 dose-response studies on 5HT responsivity or central manipulation of the oxytocin system can better address these statusgenotype differences in anxiety behavior.
Overall aggressive behavior was influenced independently by both status and 5HTT genotype. Specifically, dominant females were more aggressive towards subordinate cage mates. This is not surprising, as in such hierarchical social organizations, most individuals cannot avoid aggression received from higher-ranking group members and thus must emit submissive behaviors to terminate the aggression (Bernstein and Gordon, 1974) . Furthermore, under the stable group situation of the present study, s-variant females were more aggressive than l/l subjects. Dysfunction of the 5HT system is linked to increased incidences of aggressive behavior, as 5HT usually acts to inhibit aggression (Summers et al., 2005) and limit impulsivity (Hollander and Rosen, 2000) . Previous studies indicate 5HT tone is lower in individuals with an s-variant genotype (Hoffman et al., 2007; Manuck et al., 2004; Reist et al., 2001) and reduced central 5HT activity is associated with increased impulsivity and aggression (Higley and Linnoila, 1997; Hollander and Rosen, 2000; Manuck et al., 2003; Westergaard et al., 2003; Westergaard et al., 1999) , as well as hostility in humans (Reist et al., 2003; Williams et al., 2003) . Our data support the hypothesis that females with an s-variant 5HTT genotype are more aggressive in a stable social group situation.
Our observation that dominant animals received more affiliation than subordinate animals was associated with overall higher immunoreactive oxytocin levels present in dominant animals. Indeed, studies have shown that oxytocin facilitates affiliative behavior (Campbell, 2008; Donaldson and Young, 2008) and promotes adaptive responses to challenging social situations (Lee et al., 2009 ). In addition, engaging in affiliative behavior enhances peripheral oxytocin levels (Carter et al., 2008; Paredes et al., 2006) . E2 replacement increased both affiliative and aggressive behaviors in all females regardless of status and genotype. The increase in affiliative behaviors such as proximity and grooming by E2 is consistent with previous observations (Shively et al., 2007; Wallen and Tannenbaum, 1997) . Furthermore, our data show that, in addition to increasing affiliative behavior, E2 also increased immunoreactive serum oxytocin in all females compared to the placebo condition. Our findings should be considered preliminary as E2-induced increases in OT have been reported only in the hypothalamus (Patisaul et al., 2003) and the link between changes in immunoreactive serum oxytocin and affiliative behavior is only correlational. These observations need to be confirmed with E2 dose-response changes in both peripheral and central oxytocin using an assay platform, such as mass spectrometry, that is independent of possible confounds associated with antibody affinity and specificity inherent in immunoassays.
Replacement of E2 to ovariectomized female rhesus monkeys also decreased morning cortisol levels, consistent with other data indicating E2 decreases basal or stress-induced activation of the LHPA axis (Patchev and Almeida, 1996; Saltzman et al., 2006; Young et al., 2001) . However, other studies show that E2 increases activation of the LHPA axis (Viau and Meaney, 1991) by decreasing glucocorticoid negative feedback (Patchev and Almeida, 1996; Wilson et al., 2005) ; increasing adrenal sensitivity to ACTH (Figueiredo et al., 2007) and enhancing diurnal (Gudmundsson et al., 1999; Smith and Norman, 1987) or morning cortisol secretion (Giussani et al., 2000; Stavisky et al., 2003) . While this discrepancy in the literature surrounding E2's ability to alter LHPA function might reflect differential access to social support (Barbosa and Mota, 2009; Doyle et al., 2008) , a more parsimonious explanation is that a single morning cortisol sample was the only parameter of LHPA activity collected and not sufficient to adequately describe the effects of E2 on LHPA function. While the lack of a social status difference in morning cortisol levels during the placebo treatment could be considered a limitation of the current study, these data are consistent with previous studies suggesting that using a single measure of morning cortisol is not sufficient measure of LHPA activity in subordinate monkeys (Michopoulos et al., 2009a; Michopoulos et al., 2010) . Assessing LHPA negative feedback by dexamethasone administration is necessary to show hypercortisolemia in subordinate females (Kaplan et al., 1984a; Sapolsky, 2005; Shively, 1998; Wilson et al., 2008) .
As we have reported in a companion paper (Michopoulos et al., 2009a) , administration of a 10 mg/kg dose of the CRH type 1 receptor antagonist CP154,526, an analog of the widely used antalarmin, for five consecutive days paradoxically increased serum cortisol levels in all females even in the presence of E2. Previous uses of CP154,526 on glucocorticoid levels and anxiety behaviors are inconsistent, in both rodents (Arborelius et al., 2000; Bornstein et al., 1998) and non-human primates (Ayala et al., 2004; French et al., 2007; Habib et al., 2000) . While the effects of the CRHA on behavior were associated with increased cortisol levels, we cannot rule out the possibility that the CRHA is having a more direct effect on modulating social behaviors via a central mechanism, and thus this data should be considered preliminary. Further studies are necessary to determine the mechanism by which increased cortisol levels mediate aggression and affiliation in female rhesus monkeys.
In summary, the data reported here add support to the long-standing notion that E2 has potent effects on female socio-emotional behavior and is consistent with the hypothesis that E2 induces generalized behavioral arousal, allowing the female to adapt to and cope with environmental challenges (Ribeiro et al., 2009 ). However, the data extend these findings by showing how social subordination and 5HTT genotype may modify these effects. The attenuated anxiolytic response to E2 in subordinate s-variant females supports data showing exposure to stressor may disrupt E2 regulation of behavior sensitivity to E2 and further implicates the s-variant of the 5HTT polymorphism as a predisposing factor in increased individual vulnerability to adverse consequence due to psychosocial stress exposure. Furthermore, the present data suggest that social status differences in immunoreactive serum oxytocin, as a surrogate measure of central concentrations, may be one of several neurochemical factors that mediate the expression of these social behaviors. We must also emphasize that, in social living animals, socio-emotional behaviors do not occur in isolation but rather reflect a female's response to her social environment and biological condition. Thus, an evaluation of the hormonal regulation of these behaviors must take that of a multivariable approach into consideration. Dose -response studies with E2 are needed to better define the parameters and neurochemical basis of reduced sensitivity to E2 in this model of psychosocial stress.
Figure 1.
Mean ± SEM rates of agonistic behavior collapsed across treatment conditions and genotype. Animals categorized as dominant (ranked 1 and 2) received less aggressive behavior (closed circle) than those categorized as subordinate (ranked 3-5) while subordinate animals emitted more submissive behaviors (open square) than dominant animals. Mean ± SEM rates of anxiety-like behavior in dominant females and subordinate females with either an l/l or s-variant 5HTT genotype during the placebo (open bar), estradiol (hatched bar), corticotropin releasing-hormone receptor analogue (CRHA; grey bar), and combined estradiol and CRHA (closed bar) treatments. Different letters among the four study groups reflect significantly different rates of anxiety-like behavior collapsed across treatment conditions. The asterisk indicates estradiol replacement significantly attenuated anxiety-like behaviors in those study groups. 
